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Nitrogen vacancy (NV) centers, optically-active atomic defects in diamond, have attracted 
tremendous interest for quantum sensing, network, and computing applications due to their 
excellent quantum coherence and remarkable versatility in a real, ambient environment. Taking 
advantage of these strengths, we report on NV-based local sensing of the electrically driven 
insulator-to-metal transition (IMT) in a proximal Mott insulator. We studied the resistive switching 
properties of both pristine and ion-irradiated VO2 thin film devices by performing optically 
detected NV electron spin resonance measurements. These measurements probe the local 
temperature and magnetic field in electrically biased VO2 devices, which are in agreement with 
the global transport measurement results. In pristine devices, the electrically-driven IMT proceeds 
through Joule heating up to the transition temperature while in ion-irradiated devices, the transition 
occurs non-thermally, well below the transition temperature. Our results provide the first direct 
evidence for non-thermal electrically induced IMT in a Mott insulator, highlighting the significant 
opportunities offered by NV quantum sensors in exploring nanoscale thermal and electrical 
behaviors in Mott materials. 
  
As technology begins to reach the fundamental limitations of the von Neumann computing 
architectures, new paradigms are urgently required to improve the processing speed, data storage 
capacity, and energy efficiency for next-generation information technologies.1 Over the past 
decade, new approaches to information processing, such as quantum,2,3 neuromorphic,4–6 and 
material implication,7 have been very active fields of research. Among them, neuromorphic 
computing is designed to mimic the highly interconnected structure of biological neural systems 
like the human brain.8 Computations are spread out across an array of artificial neurons, synapses, 
and dendrites to provide vast improvements in global pattern recognition, complex input handling, 
and artificial intelligence capabilities.8–10 Insulator-to-metal transitions (IMTs) in Mott materials 
featuring first-order, threshold firing type resistive switching behavior are naturally relevant in this 
context due to their significant potential for implementing artificial spiking neurons in 
neuromorphic circuits.11–15 Thus, great efforts have been devoted to understanding and controlling 
the mechanism for resistive switching in materials exhibiting an IMT.16–20 Successful applications 
of IMTs to emergent neuromorphic computing platforms require advances in theory, material 
discovery, and equally importantly, a detailed knowledge of the local electrical and thermal 
properties of Mott materials down to the nanoscale regime. 
Conventional research on IMTs has been mainly focused on global electrical transport 
measurements as well as structural characterizations, rendering limited information on the local 
properties of the studied materials. To address this challenge, here, we utilized nitrogen vacancy 
(NV) centers, optically-active atomic defects in diamond that act as single-spin sensors,21 to 
perform local quantum sensing of the voltage-induced IMT in a prototypical Mott material: 
vanadium dioxide VO2.5,12,22 Notably, the measured magnetic fields generated by the VO2 devices 
exhibit a characteristic step-like jump around a “critical” electric current, in agreement with the 
formation of conducting filaments during the voltage-induced IMT.5,23 The temperature profile we 
observed for both pristine and ion-irradiated VO2 films are explained by thermal24 and non-thermal 
origins.25 We expect that the presented NV-based quantum sensing platform can be extended 
naturally to other Mott insulators, offering a new perspective to reveal the local thermal and 
electrical behaviors in Mott-material-based neuromorphic devices. 
The measurement platform and device structure used are illustrated in Fig. 1(a). We have 
grown 170-nm-thick VO2 films on Al2O3 (012) substrates by radio-frequency magnetron 
sputtering.5 Two 125-nm-thick Ti/Au electrodes were fabricated with a separation of 10 μm on top 
of a VO2 film for electrical transport measurements. Patterned diamond nanobeams containing 
individually addressable NV centers26 were transferred on top of the VO2 film and positioned 
between the two Au electrical contacts as shown by a scanning electron microscope (SEM) image 
in Fig. 1(b). The diamond nanobeam has the shape of an equilateral triangular prism with 
dimensions of 500 nm × 500 nm × 10 μm. The NV-to-sample distance was estimated to be ~100 
nm,27 ensuring sufficient thermal and field sensitivity. An Au stripline was fabricated next to the 
electrical contacts to provide microwave control of the NV spin states.27,28 The whole sample was 
mounted on a heating stage to allow for a precise adjustment of the base temperature. IMTs can 
be thermally and/or electrically triggered in the VO2 device, accompanied by orders of magnitude 
decrease in electrical resistivity.24,25,29 The NV center positioned on top of the VO2 film serves as 
a local probe of the temperature and magnetic field at the NV site. Taking advantage of their 
excellent quantum coherence and single-spin sensitivity,21,30,31 NV centers have been 
demonstrated to be a transformative tool in exploring the local magnetic, electric and thermal 
features of a variety of materials with unprecedented sensitivity and spatial resolution.30,32–35 
Figure 1(c) shows a confocal optical image of an NV center positioned on the symmetry axis of 
the two Au electrical contacts, demonstrating the single-spin addressability of our measurement 
system. 
We first performed electrical transport measurements to characterize the temperature 
induced IMT in the VO2 device. Figure 2(a) shows the resistance of the VO2 device as a function 
of base temperature. The blue and the red curves correspond to the heating and cooling branches, 
respectively. The device features a characteristic IMT around 335 K, in agreement with the critical 
temperature Tc reported in previous work.5,36 After establishing the resistance-temperature profile, 
we demonstrate the electrically-induced IMT in the VO2 device. In these measurements, the base 
temperature was maintained at a constant value below Tc, while an electric current Idc applied in 
the VO2 channel was slowly varied and the voltage was simultaneously measured between the two 
Au contacts. At a certain critical current Ic, a conducting filament stretching between the tips of 
the two Au contacts was formed in the VO2 film, leading to a sudden and significant drop of the 
measured voltages as shown in Fig. 2(b). This is due to a metallic filament forming between the 
Au contacts which is visible by optical microscopy due to the change in optical constants [Fig. 
 
Figure 1. (a) Schematic of a prepared NV-VO2 device consisting of two Au electrodes and an Au 
microwave stripline fabricated on top of a 170-nm-thick VO2 thin film. A diamond nanobeam containing 
individually addressable NV centers is transferred on top of the VO2 film to perform local thermal and 
field sensing of IMT. (b) A SEM image showing a patterned diamond nanobeam situated between the 
Au electrical contacts. (c) A photoluminescence image showing a diamond nanobeam containing a 
single NV spin positioned between the two the Au electrical contacts. 
 
2(c)]. Note that the magnitudes of the critical currents and voltages of the electrically-induced IMT 
depend on the base temperature of the device. The closer the base temperature is to Tc, the smaller 
the electric power is required to activate the resistive switching as illustrated in Fig. 2(d). When 
the base temperature of the device is too far below Tc, it is not possible to trigger voltage-induced 
IMTs in the VO2 film without reaching excessively high voltages, where irreversible phase 
variations into other vanadium oxide compounds could occur.29 In the following NV 
measurements, the base temperature of the sample is set to be above 295 K to avoid irreversible 
damage to the VO2 devices. 
Next, we demonstrate the NV center’s ability to accurately detect the local temperature and 
magnetic field environment of the VO2 device during the voltage-induced IMTs. The negatively 
charged NV state has an S = 1 electron spin with a spin triplet ground state. Figure 3(a) shows the 
energy levels of an NV spin as a function of an external magnetic field (𝐵//) applied along the 
NV-axis. When 𝐵// = 0, the ms = ±1 states of the NV spin are degenerate with a characteristic NV 
zero-splitting frequency. At a certain external field (𝐵// ≠ 0), Zeeman coupling separates the ms = 
 
Figure 2. (a) Resistance of a pristine VO2 device measured as a function the base temperature. Blue and 
red curves correspond to the heating and cooling branches, respectively. (b) The voltage (V) measured 
as a function of applied current (Idc) at a base temperature of 317 K. Blue and red curves correspond to 
increasing and decreasing current, respectively. When sweeping the current down, the filament shrinks 
and supports the metallic state with a lower critical current. (c) An optical image showing the formation 
of a conducting filament (dark color) between the two Au contacts. (d) Electric voltage (V) measured as 
a function of the applied current (Idc) at three different base temperatures. 
+1 and the ms = −1 spin states by an energy gap equal to 2𝛾𝐵//, where 𝛾 denotes the gyromagnetic 
ratio.21 This three-level spin system can be optically read out through spin-dependent 
 
Figure 3. (a) An energy diagram of an NV spin as a function of an external magnetic field 𝐵// applied 
along the NV-axis. D(T) represents the NV zero-splitting frequency, which varies as a function of the 
temperature at the NV site. (b) Schematic of NV sensing of the local temperature and the Oersted field 
∆𝐵// generated by the electric current flowing the VO2 film. (c) An optically detected NV ESR spectrum 
measured when 𝐵// = 700 Oe, Idc = 0 mA at a base temperature of 295 K. (d) Electric current dependence 
of the IMT-induced local magnetic field ∆𝐵// at the NV site. The blue, green, and red curves correspond 
to the base temperatures of 320, 325, and 330 K, respectively. The jumps correspond to the resistive 
switching events as shown in Fig. 2(d). (e) Local temperature extracted from the NV ESR measurements 
as a function of the electric currents. The uncertainty on the measured temperature is ±1.2 K. The grey 
color stripe marks a temperature regime of 335 ±1 K, where the thermally-induced IMTs are expected 
to happen. 
photoluminescence (PL) emitted by the NV center, where the ms = ±1 spin states are more likely 
to be trapped by a non-radiative pathway through an intersystem crossing and back to the ms = 0 
ground state, yielding a significantly reduced PL intensity.21 To perform the optically detected NV 
ESR measurements, an external magnetic field 𝐵// was applied and aligned along the NV-axis and 
the base temperature of the device was maintained at a constant value. A constant microwave 
current with a frequency 𝑓 was delivered by the Au stripline and a continuous green laser was 
focused on the NV site to initiate the NV spin to the ms = 0 state. The spin-dependent PL generated 
by the NV center in the red wavelength range was measured using a single-photon detector.37 The 
NV PL intensity was measured as a function of the microwave frequency 𝑓. When 𝑓 matches the 
NV ESR energies, the NV spin tends to flip from the ms = 0 to the ms = ±1 states, giving rise to 
two dips in the measured ESR spectrum. The Oersted field generated by the electric current 
flowing the VO2 film can be obtained by the Zeeman splitting of the NV ESR frequencies: 
∆𝐵// = 
𝜋𝑓+ − 𝜋𝑓−
γ
− 𝐵//    (1) 
where 𝑓± correspond to the NV ESR frequencies of the ms = 0 ↔  ±1 transitions and ∆𝐵// is the 
component of the Oersted field that is parallel to the NV-axis as illustrated in Fig. 3(b). The local 
temperature TL at the NV site can be extracted from the NV ESR measurements as follows: TL = 
𝑓+ + 𝑓−
2𝑏
 − 
𝑎
𝑏
 ,38–40 where 𝑎 and 𝑏 are fitting parameters equal to 2.8983 ± 0.002 GHz and −88.9 ± 
5.8 kHz/K, respectively. These values are obtained by measuring 𝑓± as a function of the sample 
temperature (see supplementary materials for details). Since the measurements were performed in 
a vacuum environment and due to the nanoscale proximity established between the NV center and 
the VO2 sample, the NV center is well-thermalized with its immediate vicinity in the device (see 
supplementary materials for details) and the local temperature of the VO2 sample can be measured. 
Figure 3(c) shows a typical NV ESR spectrum with 𝐵// = 700 Oe and a base temperature of 295 
K. 
Figures 3(d) and 3(e) show the extracted Oersted field ∆𝐵// and the local temperature TL 
as a function of the applied electric current Idc at three different base temperatures of 320, 325, and 
330 K. For low electric currents Idc < Ic, VO2 is in a homogeneous semi-insulating state and the 
electric current is sparsely distributed in the device, leading to a negligibly small Oersted field at 
the NV site. When the electric current reaches its critical value (Idc = Ic), the IMT is electrically 
triggered, accompanied by the formation of a conducting filament in the VO2 film. Since the 
electric current is then mainly concentrated in the conducting filament, the local current density 
and the Oersted field experienced by the NV center are significantly enhanced [Fig. 3(d)]. These 
sudden jumps in magnetic field correspond to switching events observed in the electrical transport 
measurements. The measured Oersted fields around the critical currents are in qualitative 
agreement with COMSOL simulations (see supplementary materials for details). In contrast to the 
jump-type variation of the Oersted field, the measured local temperature TL exhibits a gradual 
increase as a function of Idc. It is worth mentioning that TL measured at different base temperatures 
reaches a similar value (~335 K) during resistive switching, demonstrating the thermal origin of 
the voltage-induced IMT observed in a pristine VO2 film.24,41 At a sufficiently large electric current, 
Joule heating along the current path locally increases the temperature of the VO2 film to the critical 
value (~335 K) and triggers the formation of the conducting filaments. 
In addition to Joule heating, it has been suggested that electric fields may also induce the 
IMT, but the origin of this effect is still debated.25,42–48. A number of reports have indicated that 
the IMT may be induced without reaching the IMT critical temperature.17,18,41,49–52 However, due 
to the inhomogeneous nature of the IMT and the need for simulations of the current and 
temperature distribution in the sample, direct evidence for the non-thermally induced IMT remains 
 
Figure 4. (a) Comparison of voltage-induced IMTs in pristine and ion-irradiated VO2 films. (b) 
Variation of the resistance [R/R(305K)] of the pristine and ion-irradiated VO2 devices measured as a 
function of the base temperature. The electrical resistance R is normalized to the value measured at 305 
K. (c) Local temperature extracted from the NV ESR measurements versus the applied electric current 
for pristine and ion-irradiated VO2 devices. The uncertainty on the measured temperature is ±1.2 K. 
The grey color stripe marks a temperature regime of 335 ±1 K, where the thermally-induced IMTs are 
expected to happen. The blue dash line indicates the critical current for the electrically-induced IMTs. 
(d) Schematic of the field-assisted carrier generation through a doping-driven IMT. 
elusive. Local measurements of temperature in the nanoscale during the IMT are of great value to 
confirm the possibility of non-thermal switching. Next, we applied the NV-based quantum sensing 
platform to ion-irradiated VO2 thin film devices to access the mechanism of non-thermally induced 
IMT.25 We employed a focused ion beam to irradiate gallium ions onto the VO2 film in a ~2 μm 
wide region that connects the Au contacts (see supplementary materials for details). The gallium 
irradiation has interesting effects on the transport properties of the VO2 thin film. First of all, the 
voltage-induced IMTs can be triggered at a much lower base temperature with reduced 
current/voltage/power as shown in Fig. 4(a). However, the resistance-temperature characteristics 
of the ion-irradiated VO2 device remain largely the same, showing a similar Tc as in the pristine 
sample [Fig. 4(b)]. Figure 4(c) shows the local temperature extracted from the NV ESR 
measurements as a function of Idc. In stark contrast to the pristine VO2 sample, the local 
temperature measured at the critical current barely changes from the base temperature which can 
be up to 35 K lower than Tc. It is important to note that the NV center is situated on the symmetry 
axis between the two contacts and is in contact with the conducting filament formed in the ion-
irradiated VO2 device (see supplementary materials for details). The absence of substantial heating 
both before and after the switching process demonstrates the non-thermal origin of the electrically-
induced IMT in the ion-irradiated VO2 sample.25 
Our results are consistent with a previous study showing indirect evidence for non-thermal 
switching and support field-assisted carrier generation as the switching mechanism (see 
supplementary materials for details).25,53,54 With a sufficiently large electric field, in-gap states 
created by ion beam irradiation could be electrically excited, emitting charge into the conduction 
band, as illustrated in Fig. 4(d). This increases the number of free carriers and causes the collapse 
of the Mott insulator state through a doping-driven IMT.25 In comparison to thermally-induced 
resistive switching, we highlight that the critical currents and energy dissipations are significantly 
reduced in the doping-driven IMT, offering significant advantages for the development of energy-
efficient neuromorphic circuits in a broad temperature range. 
In summary, we have demonstrated NV centers as a sensitive local probe of the thermally- 
and non-thermally-induced IMTs in VO2 devices. By measuring the local temperature and the 
magnetic field environment via the optically detected NV electron spin resonances, the underlying 
electrical phase transitions in proximal VO2 devices could be accessed in a non-perturbative way 
at the nanoscale. This technique allowed us to obtain the first direct evidence for a non-thermally 
induced electrical IMT in a Mott insulator. The findings also have important implications for our 
understanding of the physics of Mott insulators and their applications. By employing patterned 
diamond nanostructures with shallowly implanted NV centers,55–57 we expect that the local 
resolution of such NV quantum sensing platform could potentially reach the atomic scale, offering 
new opportunities to reveal the electrical and thermal behaviors in Mott insulators and many other 
quantum materials. The demonstrated coupling between NV centers and Mott insulators may also 
find applications in developing next-generation, hybrid neuromorphic devices. 
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